Introduction {#sec1}
============

Hydrogels are the most widely used class of materials for three-dimensional cell culture, stimuli-responsive biomaterials, and drug delivery. A current major aim within this area is to create synthetically tailorable hydrogels capable of mimicking a cell's native extra cellular matrix (ECM), a complex biopolymer hydrogel network. Since the 1960s, significant work has been put forth providing researchers the possibility to design and tailor the chemical and physical properties of hydrogels.^[@ref1]^ However, to date most of the development focused on the biocompatibility and mechanical properties of covalently cross-linked hydrogels, which possess networks that are inherently static. This hardly allows the recapitulation of native ECM properties; the native ECM relies on covalent, dynamic covalent and supramolecular interactions for its complex properties and responsiveness. With increasing progress in supramolecular and dynamic covalent biomaterials,^[@ref2]^ more emphasis can be seen in designing hydrogels that are not only biocompatible but also capable to dynamically reconfigure and respond to cell behavior.^[@ref3]−[@ref5]^

Cyclodextrins (CD) are cyclic oligosaccharides constituting a "host" supramolecular cavity capable to bind "guest" molecules. Comprised of glucopyranose units linked by α-1,4-glucosidic bonds, CD is typically depicted as a ring, with the inner side hydrophobic (C3 and C5 hydrogens) while the hydrophilic secondary hydroxyl groups (on C2 and C3) and primary (C6 hydroxyl groups) are positioned on the outside.^[@ref6]^ The availability of the hydrophobic cavity allows cyclodextrins to serve as "hosts" that provide an environment suitable for inclusion of "guest" hydrophobic compounds in aqueous environments.^[@ref7]^ This complexation offers the ability to create supramolecular polymers for drug delivery,^[@ref8]^ hydrogels,^[@ref9],[@ref10]^ polyrotaxanes,^[@ref11]^ and surface functionalization^[@ref12]^ among other applications.^[@ref13]^ The reversibility of the complexation can be an advantage in material design providing shear-thinning^[@ref10]^ and self-healing properties.^[@ref14]^ When used in the presence of cells, this dynamic environment provides a closer mimic to the natural cellular matrix where cells have the possibility to remodel and interact with their surroundings. However, some of the drawbacks are the lack of stability and mechanical integrity of these materials.

To increase network stability, one possible approach is to create a multivalent synergistic system with binding energies contributed by multiple individual complexes.^[@ref15]−[@ref18]^ This multivalent approach to increase the strength of interactions is seen throughout Nature and conserved across many structural binding interactions. The complexation of a single CD/guest moiety would ease the inclusion of other surrounding guest moieties, via a decrease in the entropic binding penalty for subsequent interactions. The decrease in conformational space of the polymer chains increases local concentration of the remaining free CD and guest moieties, thus favoring the inclusion of the guests into the CD cavities. Multivalency is well characterized in model supramolecular systems; yet, the effect of multivalency can be significant and should be considered as we design dynamic biomaterials. This use of multivalency can be seen throughout the construction of supramolecular hydrogels^[@ref19]^ and dynamic matrices for cell culture.^[@ref20]^ For example, hyaluronic acid functionalized with pendent CD and adamantane (ADA) moieties have been shown to complex and at higher concentrations of polymer mixtures, form self-standing hydrogels, enable new 3D bioprinting modalities for tissue engineering, and create tough double network hydrogels for cell encapsulation.^[@ref10],[@ref21],[@ref22]^ Multiarm PEG hydrogels formed between cucurbiturils and various guests have been shown to facilitate fine control over dynamic network properties and allow or prevent tissue regrowth within a mouse model.^[@ref23]^ In addition, multivalent systems can comprise more than a single host--guest chemistry. Highly elastic and self-healing polyacrylamide-based networks cross-linked via pendent CD/ADA complexes were developed by the Harada group.^[@ref24],[@ref25]^ Further development produced a multivalent system, composed of multiple host--guest CD/ADA and CD/ferrocene cross-links that demonstrated shape memory behavior due to the redox-responsive complexation of CD/ferrocene.^[@ref26]^ Despite the promise of dynamic and multivalent host--guest hydrogels in biomedical and performance materials, there exist few systematic studies on the discrete effect of multivalency on materials properties.

In this study, we have chosen to work with alginate, a naturally derived FDA approved component (from food to medical devices) and biobased polymer that is extensively used in the medical and bioengineering fields.^[@ref27]^ Because of alginate's lack of cell-interaction motifs and antifouling nature, it has also been a material of choice in the rational design of synthetic extracellular matrices (ECM). The alginate copolymer is comprised of β-[d]{.smallcaps}-mannuronic acid (M units) and α-[l]{.smallcaps}-guluronic acid (G units), and cross-linking can easily be introduced through the addition of multivalent ions such as Ca^2+^ ions (cross-linking the G-blocks of the polymer). Chemical modification is also possible via the free hydroxyl and carboxyl groups present on the alginate backbone to introduce different functionality, or possibly to present bioactivity to the material.^[@ref28]^ Alginate-based cyclodextrin systems have already shown promise for drug-delivery devices^[@ref29]^ and for dynamic display of cell adhesion motifs^[@ref30]^ in hydrogels.

We set out to quantitatively study the effect of multivalency within a PEG-adamantane/β-cyclodextrin-alginate system toward the creation of supramolecular hydrogels as cell matrices ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Host β-cyclodextrin (CD) moieties were introduced onto the backbone of alginate, while the end groups of multiarm poly(ethylene glycol) (PEG) are functionalized with guest adamantane (ADA) moieties. CD and ADA were chosen as the host/guest pair as ADA is known to have a strong affinity to CD and is one of the most widely used guests in the design of biomaterials.^[@ref30]−[@ref32]^ The design of our network relies on the complexation of pendent host moieties (on the alginate) to end group guest moieties (on the PEG), as opposed to complexation of host--guest moieties both attached as pendent groups, allowing us to discretely change the valence of the system in a stepwise fashion. We investigated the effect of multivalency by varying the number of PEG arms (2, 4, and 8) to increase the binding affinity of CD/ADA. The molecular weight of the multiarm PEGs used in this work was selected in a way that each arm was approximately 2.5 kDa to maintain a consistent distance between complexed units. The overall strategy employed for the current work is depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![A general overview of the synthetic strategy in this work. Alginate functionalized with CD was mixed with different PEG-ADA cross-linkers of different valencies to create a library of dynamically cross-linked materials.](bm0c00148_0001){#fig1}

Materials {#sec2}
=========

All materials were acquired from suppliers indicated and used without further purification unless stated otherwise: toluene (\>99.8%, Acros Organics), 2-arm PEG--OH (4.6 kDa, Sigma-Aldrich, PEG2-OH), 4-arm PEG--OH (10 kDa, 97.5%, Creative PEGWorks, PEG4-OH), 8-arm PEG--OH (hexaglycerol core, 20 kDa, 99.1%, Creative PEGWorks, PEG8-OH), 1-adamantane methylamine (\>98.0%, TCI Europe, ADA), triethylamine (\>99%, Merck, Et~3~N), 1,4-dioxane (99.8%, Sigma-Aldrich), 1,6-hexadiamine (98%, Sigma-Aldrich), 4-toluenesulfyl chloride (\>98%, Sigma-Aldrich, OTs) anhydrous chloroform (\>99%, Sigma-Aldrich), anhydrous dimethylformamide (99.8%, Sigma-Aldrich, DMF), 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride (98+%, VWR, EDC-HCl), *N*-hydroxysulfosuccinimide sodium salt (≥98%, Sigma-Aldrich, sulfo-NHS), β-cyclodextrin (99%, Sigma-Aldrich, CD), carbonyl diimidazole (\>90%, Sigma-Aldrich, CDI), deuterated chloroform (\>99.8%, Sigma-Aldrich, CDCl~3~), deuterium oxide (99.9%, Sigma-Aldrich, D~2~O), Snakeskin MWCO 10,000 dialysis tubes (Thermo Scientific U.S.A.), diethyl ether (\>99%, VWR). Sodium hydride (NaH, 60 wt % in mineral oil) was washed with hexane and tetrahydrofuran (THF) under an argon atmosphere. All used THF was freshly distilled over fresh NaH. 4-(1-Adamantyl) phenol was prepared as described by Jensen et al.^[@ref33]^ 6-(6-Aminohexyl)amino-6-deoxy-β-cyclodextrin (CD-HA) was prepared via a two-step synthetic route.^[@ref34],[@ref35]^[Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00148/suppl_file/bm0c00148_si_001.pdf) contains synthesis and NMR spectra. Alginate (Manugel GMB, FMC, Lot No. G9402001) was purified with activated charcoal Norit (Sigma-Aldrich) and characterized before use via ^1^H NMR and GPC as described in previous work.^[@ref36]^ The *M*~n~ of alginate was 258 kDa (*Đ* = 2.0) as measured by GPC (100 mM sodium nitrate) and with an estimated ratio of G- and M-blocks of 74% and 26% determined by ^1^H NMR. 2-(*N*-Morpholino)ethanesulfonic acid (MES) buffer (0.100 M MES, 0.300 M NaCl) was prepared by dissolution of 4.88 g of MES hydrate (≥99.5%, Sigma) and 4.38 g of NaCl (Bioxtra, Sigma-Aldrich) in 250 mL of deionized water. The pH of the buffer was adjusted to 6.5 with 50% (w/v) NaOH before use.

Methods {#sec3}
=======

General Synthesis of Multiarm PEG-ADA {#sec3.1}
-------------------------------------

Synthesis of PEG-ADA was performed in a two-step reaction. As a typical example, PEG2-OH (4.6 kDa, 1.0 g, 0.435 mmol OH) was dissolved in toluene and dried using a rotary evaporator. This step was repeated two times. Subsequently, the dried PEG was dissolved in 4 mL of anhydrous 1,4-dioxane. CDI (0.33 g, 2.04 mmol) was dissolved in 4 mL of dry 1,4-dioxane and added to the PEG solution. Next, the reaction mixture was stirred at 37 °C for 2 h. The sample was precipitated four times in 30 mL of cold diethyl ether (−20 °C) and subsequently centrifuged for 15 min at 7200×*g*. The supernatant was decanted to yield a white solid. Residual diethyl ether was removed using a rotary evaporator. The polymer was characterized by NMR and GPC. Yield (PEG2-CDI = 0.93 g, 93%). Synthesis of PEG4-CDI and PEG8-CDI were carried out using similar conditions.

In the second step of the reaction, PEG2-CDI (1.0 g, 0.417 mmol active end groups) was dissolved in 12.5 mL of anhydrous DMF followed by the addition of 1-adamantane methylamine (0.30 g, 1.82 mmol) dissolved in 12.5 mL of anhydrous DMF. The reaction was stirred at 70 °C for 24 h under N~2~. The product was concentrated to 10 mL using a rotary evaporator and subsequently precipitated four times in 30 mL of cold diethyl ether (−20 °C). The polymer was characterized using NMR and GPC. Yield (PEG2-ADA = 0.56 g, 53%). Samples were stored at −20 °C until further use. Synthesis of PEG4-ADA and PEG8-ADA were carried out using similar conditions.

Synthesis of PEG-OTs {#sec3.2}
--------------------

PEG8-OH (6.87 g, 2.75 mmol OH) and toluene-4-sulfonyl chloride (5.24 g, 27.5 mmol) were dissolved in CH~2~Cl~2~ (80 mL) under an argon atmosphere. Triethylamine (2.0 mL, 27.5 mmol) was dissolved in 30 mL of CH~2~Cl~2~ and added dropwise to the above solution at 0 °C. The mixture was stirred for 48 h at room temperature and subsequently precipitated into diethyl ether. After filtering and drying in vacuo at 25 °C, the product PEG8-OTs was obtained as a white powder in a yield of 100% (7.27 g) with a degree of substitution of 85%.

Synthesis of PEG-pheADA {#sec3.3}
-----------------------

Phenyladamantyl functionalized 8-arm PEG was prepared by the reaction of PEG8-OTs with adamantylphenolate. In a round bottomed flask, NaH (50 mg, 2.08 mmol) was suspended in 20 mL of THF under an argon atmosphere. To the suspension, 4-(1-adamantyl)-phenol (560 mg, 2.5 mmol) dissolved in 10 mL of THF was added. After 1 h, a solution of 8-arm PEG-OTs (1.0 g (0.37 mmol OTs groups) in 10 mL of THF was added dropwise to the adamantylphenolate and the resulting solution was heated to 40 °C and stirred for 48 h. The reaction mixture was left to cool to room temperature and precipitated in diethyl ether. The crude product was dialyzed against 30% ethanol toward pure water and obtained as a fluffy white solid after lyophilization. All tosylated groups were replaced by phenyladamantyl, resulting in a degree of substitution of 85%.

Synthesis of β-cyclodextrin Conjugated Alginate (Alg-CD) {#sec3.4}
--------------------------------------------------------

Purified alginate (0.4010 g, 2.30 mmol COOH groups) was weighed into a 100 mL Schott flask and dissolved in 80 mL of MES buffer. Sulfo-NHS (0.5271 g, 2.43 mmol) and EDC-HCl (0.3990 g, 2.08 mmol) were added and the reaction was left to stir for 30 min. 6-(6-Aminohexyl)amino-6-deoxy-β-cyclodextrin (CD-HA, 0.9953 g, 0.807 mmol) was added to the reaction mixture and the pH of the solution was adjusted to 8 with 50% (w/v) NaOH. The reaction was left to stir for 18 h at room temperature. The solution was then transferred to a 10 kDa MWCO dialysis tube and dialyzed against NaCl solutions, starting from 100, 50, 25 mM, and finally deionized water, with change of dialysate every 10 to 18 h. A white fluffy solid was yielded after lyophilization.

Preparation of Hydrogel Samples {#sec3.5}
-------------------------------

Molar ratios (1:1) of CD and ADA were calculated based on the degree of functionalization of the Alg-CD and PEG-ADA. Hydrogels were prepared by weighing PEG-ADA into a 2 mL Eppendorf tube, followed by the addition of a 4% (w/v) alginate stock solution in Ca^2+^/Mg^2+^ free phosphate buffered saline (PBS). Samples were supplemented with PBS to adjust the total volume to 50 μL. Gel formation was tested by a tube inversion test.

Characterization {#sec3.6}
----------------

### Nuclear Magnetic Resonance (NMR) {#sec3.6.1}

NMR analysis was performed with a Bruker Ascend 700 MHz NMR Spectrometer (Bruker, Germany) and data were analyzed with the TopSpin 3.5 Software (Bruker, Germany). NMR samples were prepared by dissolving 2--4 mg of polymer in either 500 μL of CDCl~3~ (PEG derivates) or D~2~O (Alginate-CD). Spectra of the PEG derivatives were acquired at 299.7 K. For alginate samples, water suppression pulse sequence was applied, and measurements were carried out at 325 K. Spectra were calibrated with respect to nondeuterated solvent (CHCl~3~, 7.26 ppm or H~2~O, 4.29 ppm).

### Gel Permeation Chromatography (GPC) {#sec3.6.2}

GPC was performed using *N*,*N*-dimethylformamide (DMF) containing 0.1 wt % LiBr as eluent and sample concentration of 2 mg/mL The Shimadzu system comprised of an autosampler, a Shodex KD-G 4A guard column (4.6 × 10 mm) with 8 μm beads, followed by two Shodex KD-802 (5 μm, 8 × 300 mm) and KD-804 (7 μm, 8 × 300 mm) columns, a refractive index detector and a photodiode array detector at 50 °C. A flow rate of 1 mL min^--1^ was applied. The GPC system was calibrated against linear poly(methyl methacrylate) (PMMA) standards with molecular weights ranging from 600 to 265 300 g mol^--1^. Samples were filtered through polytetrafluoroethylene (PTFE) membranes with a pore size of 0.2 μm prior to injection.

### Dynamic Light Scattering (DLS) {#sec3.6.3}

Alg-CD, PEG8-ADA, and PEG8phe-ADA were dissolved in deionized water to prepare 0.06 mM stock solutions. The solutions were filtered through 0.2 μm cellulose filters prior to measurement. Measurements were performed on a Malvern Zetasizer Nano ZSP (He--Ne laser 633 nm).

### Scanning Electron Microscopy (SEM) {#sec3.6.4}

Hydrogels of Alg-CD/PEG8-ADA and Alg-CD/PEG8-pheADA were lyophilized to remove the water content. Following this, samples were carefully mounted on stubs and gold-sputtered (Cressington Sputter Coater 108 auto) for 60 s at 30 mA. Images were acquired with a SEM (Philips XL-30 ESEM, Philips) at 10 kV.

### Rheology {#sec3.6.5}

Rheological analysis was performed on a DHR-2 rheometer at 20 °C using a 20 mm cone--plate geometry with a 2.002° angle. Samples were loaded and a time sweep was measured at 1% strain and 10 rad s^--1^ to allow samples to equilibrate. Subsequently a frequency sweep from 100 to 0.1 rad s^--1^ with a strain of 1% followed by a strain sweep from 1 to 100% strain at 10 rad s^--1^ were taken.

### Cell Viability Assay {#sec3.6.6}

In general, cell-laden hydrogels were prepared by adding a L929 fibroblast (cell line from mouse, passage 4) cell suspension in cell culture medium (Dulbecco's Modified Eagle's Medium (DMEM, ThermoFisher) with glutamax, 1% penicillin--streptomycin, and 10% fetal bovine serum) to 100 μL of hydrogel in a tissue culture treated clear-bottom 96-well black plate. The final cell concentration in the hydrogels was 10^6^ cells mL^--1^. The samples were incubated for 24 h at 37 °C with 5% CO~2~. Cell viability was evaluated using a LIVE/DEAD viability/cytotoxicity kit (Thermofisher). A stock solution of ethidium homodimer (2.5 μM) and calcein-AM (1 μM) was prepared in Ca^2+^/Mg^2+^ free phosphate buffered saline (PBS). Then, 100 μL of the ethidium/calcein stock solution was added to each hydrogel and incubated for 30 min at 37 °C. Prior to imaging, the dye solutions were aspirated carefully from the wells before adding 100 μL of culture medium without phenol red to wells. Imaging was carried out on a Nikon TI-E with environmental control using a 10× objective (WD = 15, NA = 0.3). Live cells were stained by Calcein AM with green fluorescence (ex/em = 495/515 nm) and dead cells were stained by ethidium homodimer with red fluorescence (ex/em = 495/635 nm).

Results and Discussion {#sec4}
======================

Synthesis of PEG-ADA and Alg-CD Precursors {#sec4.1}
------------------------------------------

To synthesize PEG-ADA, the hydroxyl groups on PEG were first converted to better leaving groups to allow subsequent substitution reaction with adamantane methylamine. Our initial attempt was to introduce tosylate groups through the reaction of PEG with 4-toluenesulfonyl chloride. Even though the reaction did proceed, the degree of functionalization was low (less than 40%) and there were inconsistencies in reproducibility. We then decided to use a carbonyl diimidazole (CDI) coupling strategy. The reaction of PEG with CDI forms a imidazolyl carbamate intermediate ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A), and subsequent reaction with 1-adamantane methylamine results in a carbamate bond ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). The same reaction strategy was employed to prepare PEG4-ADA and PEG8-ADA.

![Synthesis of PEG2-ADA, starting from (A) activation of PEG2-OH with CDI (B) reaction of the PEG2-CDI with 1-adamantane methylamine to give PEG2-ADA.](bm0c00148_0002){#fig2}

The success of the two-step reaction was followed by NMR through the integration of the protons from the polymer end groups relative to the protons of the PEG repeating units ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B, the aromatic protons of CDI were observed at 8.34, 7.51, and 7.15 ppm, along with upfield shifted α- and β-methylene protons of PEG (3.85 and 4.59 ppm, respectively) after reaction. The degree of functionalization (DoF) of PEG2-CDI was estimated by comparing these peaks to that of the PEG backbone and determined to be 95%. In our hands, this reaction has proven reproducible (DoF = 86--97%). Similar reaction sequences and analysis was carried out to create the PEG4-CDI (DoF = 85%) and PEG8-CDI (DoF = 81%) ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00148/suppl_file/bm0c00148_si_001.pdf), Figures S3 and S4, NMR spectra). PEG-CDI samples were also analyzed via GPC ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00148/suppl_file/bm0c00148_si_001.pdf), Figure S6) and as expected no significant differences in molecular weight were observed.

![^1^H NMR spectrum (CDCl~3~) of (A) PEG2, (B) PEG2-CDI, and (C) PEG2-ADA. The appearance of CDI specific peaks (h, i, and j) and α and β methylene protons (c, b) were observed after reaction of PEG2 with CDI. Following reaction of PEG2-CDI with adamantane methylamine, appearance of adamantane specific peaks (d, e, f, and g) and disappearance of CDI peaks were observed. X denotes presence of residual diethyl ether.](bm0c00148_0003){#fig3}

After activating the OH end groups of the multivalent PEGs with CDI, the products were reacted with 1-adamantane methylamine under dry conditions to give the adamantane end functionalized PEGs. For all end group modified PEGs prepared, ^1^H NMR was used to estimate the DoF and if any unreacted starting material remained. As an example, the ^1^H NMR spectrum of PEG2-ADA is presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C. After the reaction, adamantane peaks were observed at 1.97, 1.72--1.61, and 1.46 ppm and the CDI aromatic peaks were absent. Comparing the integral values for the for the PEG protons to the adamantane aliphatic protons, the DoF was estimated to be 84% for PEG2-ADA. This reaction was also successfully carried out to produce PEG4-ADA with a DoF of 85% and PEG8-ADA with a DoF of 81% ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00148/suppl_file/bm0c00148_si_001.pdf), Figure S3 and Figure S4, ^1^H NMR spectra, Figure S6 GPC).

The β-CD conjugated alginate was prepared via activation of the carboxylic acid groups of alginate by an EDC/NHS reaction and subsequent reaction with the amine group of a mono functionalized cyclodextrin-hexyldiamine. The choice of buffer and reaction conditions were adapted from previous work.^[@ref36]^ We incorporated a six-carbon spacer between the alginate and cyclodextrin in order to increase the conformational freedom of the cyclodextrin when accompanying guests. Conveniently, this hexamethylene spacer also facilitated characterization of the conjugated alginate by NMR. The peaks attributed to the methylene protons of the hexylamine spacer (1.2--2.2 ppm) are well separated from the proton signals of the alginate backbone (3.4--5.2 ppm) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). By adding a known concentration of dimethylformamide as an internal standard in the NMR measurements, we estimated the amount of CD functionalization on alginate, or degree of functionalization, to be approximately 5% (1 CD for every 20 alginate repeat units or 0.19 mmol of CD per gram of functionalized alginate; [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00148/suppl_file/bm0c00148_si_001.pdf), calculation included).

![^1^H NMR spectrum (D~2~O) of (A) alginate and (B) alginate modified β-CD (Alg-CD). Peaks at 1.2 to 2.2 ppm corresponding to methylene protons of the spacer between β-CD and the alginate backbone were observed. In (B) dimethylformamide (6.5 mM) was used as internal standard for quantification.](bm0c00148_0004){#fig4}

Host--Guest Complexation of Components {#sec4.2}
--------------------------------------

In model experiments, the complexation of PEG-ADA precursors with β-CD was first evaluated. Using a 1:1 molar ratio of adamantyl to cyclodextrin groups, nuclear Overhauser effect spectroscopy (NOESY) was performed on a solution (D~2~O) of PEG2-ADA and β-CD. The cross-correlation peaks between the β-CD inner protons on C3 and C5 (3.8 to 3.9 ppm)^[@ref37]^ and the cycloalkane protons of ADA (2.18, 1.75, and 1.57 ppm) were clearly present as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. On the contrary, no significant correlation peaks were observed between the β-CD outer C2 and C5 protons (3.6 to 3.7 ppm) and the ADA protons. This indicates a close proximity of the relevant protons (within 4 Å)^[@ref38]^ of the adamantyl groups in the cavity of the cyclodextrins as a result of the complexation. Furthermore, the differences in chemical shifts observed when comparing the ^1^H NMR spectra of β-CD, PEG2-ADA, and the mixture of PEG2-ADA/β-CD also support the formation of host guest complexes. Peaks corresponding to adamantanyl groups of PEG2-ADA (1.5 to 2.0 ppm) and β-CD (3.5 to 4.0 ppm) showed distinctive shifts after complexation ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00148/suppl_file/bm0c00148_si_001.pdf), Figure S5, NMR spectra).

![NOESY spectrum of a 1.25 mM solution of PEG2-ADA/β-CD in D~2~O. The red areas are signals specific to adamantane and the blue area is specific to CD.](bm0c00148_0005){#fig5}

Next, the binding affinity of the multivalent PEG-ADA cross-linkers to Alg-CD was investigated. Both components were dissolved at low concentration in deuterated water and the Alg-CD (host) was titrated (0 to 4 mM of CD) against fixed concentrations (2 mM of ADA) of the multivalent PEG-ADA cross-linkers (guest). Since the overlap concentration of the alginate polymer is expected to be around 0.5 wt %,^[@ref39]^ these binding measurements are considered to be performed in the semidilute polymer regime. Because of complexities in discerning inter- versus intramolecular binding and effective molarities in these polymeric solutions, the values reported here should only be treated as apparent binding constants. An example of a series of ^1^H NMR spectra obtained, when PEG8-ADA was titrated with Alg-CD at various CD to ADA (host--guest) molar ratios is presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The NMR chemical shifts of the CH~2~ and CH adamantyl protons (δ~0~ = 1.21 and 1.70) were monitored to calculate the binding affinity (*K*~a~) of the ADA-CD complexes. The changes in the chemical shifts (Δδ) of the adamantyl protons as a function of the CD concentration according the Benesi--Hildebrand equation^[@ref10],[@ref40],[@ref41]^ ([eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}) afforded the affinity constants. The maximum change in chemical shift (Δδ~max~) was extrapolated from the plot.An increase in binding affinity was observed with increasing numbers of ADA moieties on the PEG ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The observed increase of binding affinity upon increasing multi-valency may be attributed to a high local concentration of guest moieties. After initial host--guest complexes are formed, a cooperative effect eases inclusion of guests into CD cavities. However, compared to binding affinities reported in literature for CD/ADA complexes (∼10^4^ M^--1^),^[@ref42]−[@ref45]^ the obtained values were lower. This observed weaker binding affinity may be caused by several factors. Alginate chains carry significant charge (negative carboxylate) and could experience electrostatic repulsion when bundled by the multivalent cross-linkers. Considering the amphiphilic nature of the PEG-ADA conjugates, these will be present as micellar-like aggregates in solution (*vide infra*). The host--guest association may be lowered due to this aggregation, resulting in an overall lower observed binding affinity.^[@ref46]^ Steric hindrance^[@ref47]^ as shown for systems in which the CD moieties were conjugated without a spacer is likely minimized in our system, which is based on spacer-conjugated Alg-CD and ADA conjugated PEGs. Interestingly, PEG8-pheADA showed an order of magnitude higher binding affinity compared to PEG8-ADA. This result can be attributed to the hydrophobic phenyl attached adjacent to the guest moiety promoting inclusion in the host's cavity.

###### Binding Constant (*K*~a~) of Multivalent PEG-ADA and Alg-CD Complexes

  complex                *K*~a~ (M^--1^)   *R*^2^
  ---------------------- ----------------- --------
  PEG-2ADA + Alg-CD      10                0.99
  PEG-4ADA + Alg-CD      130               0.97
  PEG-8ADA + Alg-CD      390               0.95
  PEG-8pheADA + Alg-CD   3900              0.94

![^1^H NMR spectra of PEG8-ADA (guest) titrated with Alg-CD (host). Chemical shifts of ADA peaks (1.21 and 1.70 ppm) were monitored for determination of binding constant.](bm0c00148_0006){#fig6}

Formation of Dynamic Hydrogels {#sec4.3}
------------------------------

The marked effect of multivalency on the binding constants of the PEG-ADAs/Alg-CD host--guest complexes was expected to be reflected in the formation and stability of hydrogels. The efficiency of gelation was qualitatively characterized via the tube inversion method. If gels remained intact with no flow when the tube was inverted, the sample was considered to be in the gel state. The shape integrity of the complexes was also reassessed after five minutes by tapping the inverted tube, followed by dislocating the gel using a pipet tip to evaluate a self-healing capacity. We first tested the ability of the PEG8phe-ADA/Alg-CD to form hydrogels at higher concentrations. Initial attempts with a 1:1 ADA/CD molar ratio at a 4 wt/v% alginate concentration showed the formation of a relatively strong hydrogel, which was resistant to mechanical disruption, and was capable of self-healing. This hydrogel was formed quickly and spontaneously upon mixing solutions of the individual macromolecules.

Realizing the broad formulation space possible with these molecular architectures (multivalency, cross-linking equivalents, concentration), we next set out to qualitatively characterize the gelation in a qualitative manner using the tube inversion method. A library comprising 48 combinations of mixtures was assessed by varying the concentration of alginate (1, 2, 3, 4 wt/v%), the ratio of ADA,CD (2:1, 1:1, 1:2), and the cross-linker (PEG2-ADA, PEG4-ADA, PEG8-ADA, and PEG8-pheADA). Mixtures that appeared gel-like but were unable to retain their shape integrity when their tubes were inverted and manually disrupted were classified as "weak". On the contrary, mixtures that maintained a solid gel form even upon tube inversion and manual disruption were considered as "strong" hydrogels ([Figure S11, Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00148/suppl_file/bm0c00148_si_001.pdf)).

We observed that formulations containing the 8-arm PEG cross-linkers formed hydrogels at higher concentrations of Alg-CD. Mixtures comprising the lower valence structures, PEG2-ADA and PEG4-ADA, remained mostly liquidlike after mixing with Alg-CD at all concentrations and ADA-CD molar ratios. Interestingly, we observed that the PEG8-pheADA formulations formed hydrogels above 2 wt/v%, while the PEG8-ADA formulations only formed hydrogels at 4 wt/v%, reflecting the higher binding constants in pheADA. All gels formed were observed to be self-healing. The 8-arm hydrogels interestingly appeared stronger at a 2:1 AD/CD ratio. We initially attribute this to a larger amount of solids in the hydrogel (higher wt% polymer due to increased PEG-ADA); however, with these low apparent binding constants the addition of guest can also significantly increase the amount of bound cross-linkers.

Since the PEG8-ADA and the PEG8phe-ADA formed the most stable hydrogels in the series, these were chosen for further studies on the hydrogel microstructure and mechanical properties.

Characterization of 8-Arm Hydrogels {#sec4.4}
-----------------------------------

SEM images of the PEG8-ADA and PEG8phe-ADA hydrogels after lyophilization ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) revealed highly porous structures. The PEG8-ADA was comprised of interconnected beadlike fibrous structure whereas the Alg-CD/PEG8phe-ADA formed a somewhat denser, more bundled fibrous structure. In addition, DLS experiments ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00148/suppl_file/bm0c00148_si_001.pdf), Figures S9−11) showed larger aggregate formation for the PEG8phe-ADA system, even in dilute solutions. These observations correspond to the results obtained from the NMR titration experiments, whereby stronger complexation was observed between Alg-CD and PEG8phe-ADA.

![SEM images of hydrogels formed via complexation of PEG8-ADA/Alg-CD (a) and complexation of PEG8phe-ADA/Alg-CD (b). Scale bar is 10 μm.](bm0c00148_0007){#fig7}

To investigate the 8-arm hydrogels' mechanical properties, oscillatory rheology experiments were performed ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). Immediately apparent, the parent Alg-CD (control) is a liquid (loss moduli above storage moduli), while the addition of the supramolecular cross-linker triggers the formation of a hydrogel via an increase of storage modulus over 2 orders of magnitude. Both systems formed hydrogels with a storage modulus of approximately 1000 Pa with a low tan δ. A frequency sweep of these materials showed no significant trends across the investigated frequency range with only modest drops in the apparent stiffness in the low-frequency regime. Furthermore, strain sweeps revealed these hydrogels lost their mechanical properties around 10% strain with a gradual and continuous inversion of storage and loss moduli. Interestingly, the higher binding constant cross-linker (PEG8phe-ADA) created a hydrogel with a higher strain at break.

![Oscillatory rheology of 8-arm PEG adamantanes and Alg-CD. Top is PEG8-ADA gel, and bottom is PEG8phe-ADA. Controls are 4 wt % Alg-CD solutions with no cross-linker. Gels are at 4 wt %.](bm0c00148_0008){#fig8}

Both the PEG8-ADA and PEG8phe-ADA hydrogels were observed to be self-healing (*vide supra*) and able to dynamically adapt to stress. A simple stress relaxation test on the rheometer showed both gels were able to rapidly dissipate an applied stress with half-lives (*t*~1/2~) on the order of 10^1^ seconds ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00148/suppl_file/bm0c00148_si_001.pdf) Figures S14 and S15). Interestingly the weaker binding PEG8-ADA (∼26 s) exhibited a slightly slower relaxation rate as compared to the strong binding PEG8phe-ADA (∼9 s). During attempts at hydrogel swelling measurements, no equilibrium was reached, further reflecting the dynamic nature of these systems.

Cell Viability {#sec4.5}
--------------

The biocompatibility of the 3 wt % Alg-CD/PEG8phe-ADA gel was studied with L929 fibroblast cells. After 24 h of incubation of fibroblasts embedded in the supramolecular hydrogels, a calcein/ethidium live/dead assay was performed. The images from the live/dead assay showed high viability of cells with few dead cells observed ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). These materials show promise for use in cell-delivery and cell-culture applications; future studies will elaborate on the cytocompatibility and use of these materials as biomaterials.

![Live/dead assay of L929 cells cultured on TCP in the presence of 3% Alg-CD and PEG8phe-ADA. Images were after 24 h incubation (green = live cells and red = dead cells; scale bars = 100 μm).](bm0c00148_0009){#fig9}

Conclusions {#sec5}
===========

Herein we have shown the drastic effect that multivalency of cross-linking architecture can have on the formation of a model series of host--guest hydrogels. Supramolecular alginate hydrogels based on multivalent host--guest chemistry were developed and studied. Multiarm PEG cross-linkers with ADA (guest moieties) were successfully synthesized in high yields and consistency. Multivalency was found to play a significant part in influencing the strength of binding affinities. Only with the 8-arm cross-linkers were strong and stable gels formed. These multivalent cross-linkers enabled a 100-fold increase in the storage moduli (compared to an uncross-linked sample), while creating fibrous and cytocompatible hydrogel architectures. The supramolecular hydrogel system developed shows potential for possible use as injectable biomaterial platform and emphasizes the key role of multivalency in the design of supramolecular and dynamically cross-linked hydrogels.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.biomac.0c00148](https://pubs.acs.org/doi/10.1021/acs.biomac.0c00148?goto=supporting-info).Synthetic procedures, NMRs, GPCs, NMR binding titrations, DLS, gelation table, and stress-relaxation rheometry ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c00148/suppl_file/bm0c00148_si_001.pdf))
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